The continuously remodeled hair follicle is a uniquely exploitable epithelial-mesenchymal interaction system. In contrast to the cyclical fate of the hair follicle epithelium, the dynamics of the supposedly stable hair follicle mesenchyme remains enigmatic. Here we address this issue using the C57BL/6 hair research model.
During hair growth, increase in total follicular papilla size was associated with doubling of papilla cell numbers, much of which occurred before intra-follicular papilla cell proliferation, and subsequent to mitosis in the proximal connective tissue sheath. This indicates that some papilla cells originate in, and migrate from, the proliferating pool of connective tissue sheath ¢bro-blasts. Follicular papilla cell number and total papilla size were maximal by anagen VI, but intriguingly, decreased by 25% during this period of sustained hair production. This cell loss, which continued during catagen, was not associated with intra-follicular papilla apoptosis, strongly indicating that ¢broblasts migrate out of the late anagen/early catagen papilla and re-enter the proximal connective tissue sheath. Low-level apoptosis occurred only here, along with the ''detachment'' of cells from the regressing connective tissue sheath.
Thus, the hair follicle mesenchyme exhibits signi¢-cant hair cycle-associated plasticity. Modulation of these cell interchanges is likely to be important during clinically important hair follicle transformations, e.g. vellus-to-terminal and terminal-to-vellus during androgenetic alopecia. Key words: apoptosis/connective tissue sheath/electron microscopy/dermal papilla/follicularp apilla/histomorphometry, proliferation. J Invest Dermatol 120: 895^904, 2003 C omplex interactions between ectodermal and mesodermal components of the hair follicle result in the elaboration of ¢ve or six concentric cylinders of at least 15 distinct interacting cell subpopulations. These together produce a truly exceptional mini-organ (Paus and Cotsarelis, 1999 ) that rivals the vertebrate limb bud (Schaller et al, 2001) as a model for studies of the genetic regulation of morphogenesis (Philpott and Paus, 1998; Cotsarelis and Millar, 2001) . The hair follicle is unique in the adult mammalian body in experiencing multiple and life-long recapitulations of its embryogenesis whenever it enters into its active growth stage (anagen) Stenn and Paus, 2001 ). Critical to the control of this cyclical behavior are the follicular papilla (FP) and connective tissue sheath (CTS), which together form the hair follicle's mesenchymal compartments (Jahoda and Reynolds, 1996) .
Previous studies have convincingly demonstrated that FP ¢-broblasts, and the morphogens they secrete, are critical in hair growth induction (anagen) (Cohen, 1961; Oliver, 1967; Jahoda et al, 1984; Reynolds et al, 1991; Robinson et al, 2001) . Moreover, these components are critical for determining the developmental pathways of the overlying ectodermal cell lineages during hair follicle morphogenesis and cycling (Philpott and Paus, 1998; Matsuzaki and Yoshizato, 1998; Kishimoto et al, 2000; Lindner et al, 2000; Langbein et al, 2001) , as long as close FP^epithelial contact is maintained Jahoda and Reynolds, 1996) . Where this collapses, e.g., in the absence of a functional hr gene product, hair growth is aborted and the hair follicle degenerates (Panteleyev et al, 1998) .
A positive linear relationship has long been recognized to exist between FP volume and hair caliber (Van Scott and Ekel, 1958) : the volumetric ratio of FP cells (and their secretory activity) to hair matrix keratinocytes is crucially important for determining the size of the hair shaft produced. Additionally, the caliber of the hair shaft can also vary along its length, i.e., ¢ne distal tip, thick mid region, and narrow proximal ''club'' end (Hutchinson and Thompson, 1997) . Thus, this FP/matrix volumetric ratio is likely to change not only between the main stages of the hair cycle, but also during the substages of anagen, as in wool follicles (Ibrahim and Wright, 1982) . Studying changes in FP volume and cell number can be expected to provide crucial information on changes in the secretory activity of the FP that underlie all hair follicle transformations during hair follicle cycling, vellus-to-terminal/terminal-to-vellus hair transformation events and changes in the hair shaft diameter, length, and pigmentation (Jahoda and Reynolds, 1996; Jahoda, 1998; Stenn and Paus, 2001) .
The prevailing consensus in FP cell biology is that the hair follicle mesenchyme represents a very stable cell population with very little if any proliferative activity (Pierard and de la Brassinne, 1975; Jahoda, 1998) . This view is supported more recently by the observation that the FP ¢broblasts do not undergo apoptosis during hair follicle regression (catagen) (Weedon and Strutton, 1981; Lindner et al, 1997; Stenn et al, 1994) as they may be protected from apoptosis via permanent expression of high levels of the anti-apoptotic protein Bcl-2 (Stenn et al, 1994; Lindner et al, 1997) . There is, however, substantial clinical evidence that the FP is not static throughout life. This can be easily appreciated from the dramatic increases in FP size and cell number during pubertyassociated vellus-to-terminal hair transformation (Barth 1987) , hirsutism, and hypertrichosis, and vice versa during androgenetic alopecia development (Ishino et al, 1997) .
Although androgens appear to play a major part, the underlying mechanisms involved in these hair follicle transformations are unclear. In particular, convincing explanations for an increase in FP cell number during the growth phase of the hair cycle have, for the most part, not been found in murine proliferation studies (Wessells and Roessner, 1965; Ibrahim and Wright, 1982; Tezuka et al, 1991) . By contrast, FP cell proliferation has been reported in the primary sheep wool hair follicle (Adelson and Kelley, 1992) and in rat pelage follicles (Pierard and de la Brassinne, 1975) . It remained unclear, however, whether this intrapapillary cell proliferation indeed re£ected proliferating ¢broblasts, as other potential sources of cell division include the endothelium of intrapapillary capillaries (Pierard and de la Brassinne, 1975) .
In contrast to the FP, the relative contribution of the follicular CTS to hair growth control has only rather recently become systematically investigated Jahoda et al, 1991; Horne and Jahoda, 1992; Matsuzaki et al, 1996; Jahoda, 1998) . Early indication of a fundamental interaction between these two mesenchymal components of the hair follicle was convincingly demonstrated by the reformation of a FP from the lower CTS (Oliver 1967) , indicating that signi¢cant plasticity exists within these two hair follicle ¢broblast subpopulations, at least under conditions of experimental manipulation/trauma. Cell renewal in the CTS is also thought to be a very rare event. Indeed, the number of resident ¢broblasts has been claimed to remain constant during the entire hair growth cycle (Pierard and de la Brassinne, 1975) . Despite the marked hair growth cycledependent changes in hair follicle epithelial and mesenchymal cellularity (Parakkal, 1990; Jahoda et al, 1992) there is no consensus on the actual mechanism of CTS regression, including the fate of its cells and basal lamina/glassy membrane (Montagna and Parakkal, 1974) .
On this background, we have employed the most comprehensively studied animal model in hair research, the C57BL/6 mouse , and have used both the depilation-induced and the spontaneous murine hair cycle to analyze systematically the plasticity and dynamics of the FP and CTS during hair follicle cycling. Another important advantage of using this model is that the absence of capillaries in their pelage FP (Durward and Rudall 1958) avoids the ambiguity a¡ecting the interpretation of proliferating cells in the vascularized human hair follicle. The following speci¢c questions were addressed: (i) What drives the reconstruction of the hair follicle mesenchyme during early anagen? (ii) Is the anagen-associated increase in FP size due to cell proliferation, cell migration, cell growth, and/or increases in production of extracellular matrix (ECM)? (iii) How does the reconstructing hair follicle epithelium in£uence the organization of the hair follicle mesenchyme during anagen development? (iv) Does regression of the hair follicle mesenchyme during catagen involve FP cell emigration to the CTS, loss of FP cell synthetic activity, and/or mesenchymal cell death? The questions were addressed by histomorphometric analyses of a range of proliferation markers, and planimetric analysis of changes in FP size, cell volume, and cell number. Cellular activity was examined using high-resolution light microscopy and transmission electron microscopy (TEM).
MATERIALS AND METHODS
Animals Female syngeneic C57BL/6 mice (Charles River, Sulzfeld, Germany) were used that had all back skin hair follicles in either the resting phase of the hair cycle (telogen; 6^9 wk of age) or had hair follicles that had just entered the ¢rst true cycle (anagen; postpartum day 28) after having completed hair follicle morphogenesis Mˇller-R˛ver et al, 2001 ). The animals were housed in community cages with 12 h light periods, and were fed water and mouse chow ad libitum.
Hair follicle cycling was synchronized by wax/rosin depilation to obtain large numbers of hair follicles in the same hair cycle stage as previously described . Back skin was harvested on days 0, 1, 3, 5, 8, 12, 14, 15, 16, 17, 18, 19, 20, 25 , and 34 postdepilation. In this way tissue was collected that contained hair follicles as they passed through one hair cycle from telogen (resting phase) to the start of hair regrowth (anagen I), via active hair shaft production (anagen IV^VI), through apoptosis-driven hair follicle regression (catagen), back to telogen . Immediately upon removal, the tissue was divided; part snap frozen and acetone ¢xed for Ki67 and proliferating cell nuclear antigen (PCNA) immunohistochemistry (Magerl et al, 2001 ) and part ¢xed in Karnovsky's ¢xative for high-resolution light microscopy and electron microscopy (Tobin et al, 1998) . Skin treated with bromodeoxyuridine (BrdU) and colchicine (see below) for the assessment of mitotic indices was prepared as for Ki67 and PCNA.
In addition, back skin of 28 d old neonatal mice was harvested tissue and was assessed by high-resolution light microscopy and TEM as described bellow. This tissue contains hair follicles passing from the end of morphogenesis to the start of hair regrowth (anagen I), i.e., entering the ¢rst true anagen phase of the ¢rst cycle, and so facilitated a direct comparison between depilation-induced and spontaneous anagen. All animal studies were performed as approved by the responsible government institution, Berlin.
Assessment of cytokinetics
Ki67 and PCNA immunohistochemistry Cell proliferation was assessed via the immunohistochemical detection of two proliferation-associated proteins. Seven micrometer para⁄n-embedded sections were incubated with the proliferation marker antibodies. The monoclonal antibody Ki67 (Dianova, GmbH, Hamburg, Germany) was employed to detect a 3453 95 kDa protein complex expressed primarily during the S, G 2 , and M phases of the cell cycle. Additionally, a monoclonal antibody to PCNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used to detect an auxiliary protein to DNA polymerase (present in cycling cells and most abundant during S phase. Following primary antibody incubations, sections were treated with peroxidase-labeled secondary antibody (Jackson Immuno-Research Labs, Inc., West Grove, PA, USA) and developed using 3,3 0 -diaminobenzidine-tetrachloride chromogen as previously described (Magerl et al, 2001 ).
BrdU incorporation Cell proliferation was further assessed by BrdU incorporation into cycling hair follicle cells to identify adequately cells in the S phase of the cell cycle, as previously described (Tezuka et al, 1991) . Brie£y, mice were injected intraperitoneally with BrdU (Sigma-Aldrich Chemie GmbH, Munich, Germany) dissolved in saline (20 microgram/g BW) 3 h before being killed. Harvested tissue was ¢xed in 4% formaldehyde and para⁄n embedded. BrdU incorporation during S phase was examined immunohistochemically using anti-BrdU antibody (Santa Cruz), and alkaline phosphatase secondary antibody (Jackson Immuno-Research Labs). Color was developed with naphthol AS-BI phosphate/new fuchsin and hematoxylin as counterstain.
Mitotic Index In order to identify and quantify cells in the M phase of the cell cycle, selected mice were injected with colchicine (0.1 mg in 250 ml saline) 3 h before euthanasia. Thereafter, skin specimens were ¢xed and processed as above, counter-stained with Weigert's iron hematoxylin (for highlighting mitotic ¢gures), and the number of cells with visible, colchicine-arrested, mitotic spindles counted in the hair follicle mesenchyme.
Apoptosis Incidence of apoptosis was assessed using classical morphologic criteria by both high-resolution light microscopy and TEM (Magerl et al, 2001) . This was systematically compared with previously published results on mesenchymal cell apoptosis using the TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end-labeling) technique (Lindner et al 1997; Magerl et al, 2001) .
High resolution light microscopy Representative tissue samples of skin from three mice at each of the test days above and from three p28 (postpartum day 28) mice were ¢xed in Karnovsky's ¢xative, post-¢xed in 2% osmium tetroxide and uranyl acetate, and embedded in resin as previously described (Tobin et al, 1998) . Semithin and ultrathin sections were cut with a ReichartJung microtome (Leica GmbH, Wetzlar, Germany); the former were stained with the metachromatic stain, toluidine blue/borax, examined by light microscopy and photographed (Leitz, Germany). Ultrathin sections were stained with uranyl acetate and lead citrate and were examined and photographed using a JEM-1200EX ( Jeol, Tokyo, Japan). electron microscope.
Histomorphometry For quantitative histomorphometry, the hair follicle mesenchyme was divided into two de¢ned subcompartments: the entire FP, and the proximal CTS. PCNA, Ki67, and BrdU proliferation indices were calculated as the number of labeled cells per 100 cells. The mitotic index was calculated in colchicine-treated specimens as a percentage of mitotic cells (anaphase to telophase) per total cells in the hair follicle compartment under view. In all cases, no less than 1000 cells in CTS were viewed per mouse. Twenty hair follicles in each of three blocks from three mice and at all time points were examined by light microscopy (i.e., total 2880 hair follicles). Five hair follicles from each block from each of three mice were examined by TEM at each test day (i.e., total 720 hair follicles).
Statistical analysis Arithmetic means and standard error of the mean were calculated. Statistical comparisons were performed with one-way analysis of variance and post-hoc Tukey's test (Statistica 5.0, StatSoft Inc.).
RESULTS
The proximal CTS appears to drive the reconstruction of the hair follicle mesenchyme during early anagen Cells located in the proximal CTS of telogen hair follicle undergo an abrupt and dramatic re-entry into the cell cycle approximately 1 d after anagen induction by depilation (Fig 1a) . As early as anagen I/II, up to 12% of cells in this component of the hair follicle mesenchyme are proliferating. By contrast, no proliferating cells were detected within the FP at this time. As anagen development progressed, the mitotic index in the proximal CTS peaked at 30%, whereas the mitotic index within the FP was never above 5% (Fig 1b) . Thus, a signi¢cant proportion of CTS cells entered the cell cycle a full 2 d beforeöa much more limitedöcell division occurred in the FP (Fig 1b) . Despite this disparity in relative cell proliferation rates, however, total FP cell numbers increased signi¢cantly during early anagen development, and did so well before low level intra-FP cell proliferation was detectable (Fig 2a) . These ¢ndings strongly suggest that the increase in FP cell numbers during early anagen occurs largely via the immigration of cells from the proximal CTS into the FP.
Anagen development is associated with CTS cell proliferation and migration into the FP followed by local intra-FP cell proliferation Morphologic analysis can yield instructive, albeit static, glimpses, of the actual cellular dynamics involved in critical stages of the cycle. In addition to the above cytokinetic changes in the hair follicle mesenchyme during anagen development (Figs 1a,b and 2), evidence of CTS cell migration into the FP was also suggested by planimetric and histomorphologic analysis in both depilation-induced and spontaneous anagen development. Whereas a higher level of BrdU-positive cells, and a much higher mitotic index, were detected in the CTS than in the FP (Figs 1, 3b, and 4b), this study still found that intra-FP cell proliferation can occur during anagen development (Figs 3j and 4a^c,e,f). Interestingly, these cells were detected among attenuated CTS-like cells (Figs 3j and 4a), as well as among more typical FP ¢broblasts (Fig 4b, c, e, f) . This morphologic duality re£ected a general tendency for the FP cell population to become increasingly heterogeneous during anagen I/II. Both oval FP cells and more attenuated CTSlike ¢broblasts admixed in early anagen FP (Figs 3j and 4a) . Importantly, cells at the periphery of the FP were aligned parallel to the hair growth direction and assumed a more typical CTS attenuated form (Fig 3h) .
The source of ¢broblasts that populate the growing CTS during anagen development is currently unknown. As the new hair follicle lengthened during anagen development, however, ''free'' mesenchymal cells were observed at proximal margins of the growing hair follicle (Fig 3i) . Whereas it was not possible to discern whether these cells were pre-CTS ¢broblasts, they appeared to be more than randomly associated with the hair follicle, especially in the acellular mid and distal regions.
The increase in FP size during anagen development is due to a combination of increased cell number, increased cell size, and increased production of ECM The signi¢cant increase in total FP size during anagen development (Fig 2b) is due not only to increased cell numbers (Fig 2a) but also occurs via the growth of individual FP cells and increased production of ECM (Fig 2c) . Whereas FP cell number increased 2-fold from telogen to anagen, total FP size increased by more than 40-fold over telogen values (Fig 2b) . Anagen FP cells exhibited increased size associated with increases in a cytoplasmic to nuclear ratio, and increased nuclear euchromatism (this is indicative of a substantial increase in gene transcription (Wol¡e and Guschin, 2000) and ovality ( Figs 3g and 4a vs Fig 5a) . Whereas the exact contribution of ECM to the total volume of the anagen FP could not be measured directly, the ratio of total FP volume to the total cell number in the FP did provide an indirect measure of the combined FP cell and ECM volumes during the hair growth cycle. The 17-fold increase in this ratio from telogen to full anagen (Fig 2c) concurred with the observation that FP cells were now distributed in copious ECM material. This was in marked contrast to the telogen-associated clustering of FP cells with their sparse ECM accompaniment (Fig 4d vs Fig 5f  and g ). Increased metabolic and secretory activity was morphologically apparent in FP and in the more attenuated CTS-like cells during the telogen-to-anagen transition, as indicated by their increasing cytoplasmic volume and organelle content (Fig 4d) .
Reconstruction of the hair follicle epithelium correlates with spatial reorganization of the hair follicle mesenchyme during anagen development The mitotic index for both CTS and FP was highest during anagen IV (Fig 1a,b) , a substage of anagen characterized by the resumption of bulbar melanocyte proliferation and melanogenesis (Fig 4a,e,f) . Whereas the FP cell number at anagen IV was already 90% of maximal (Fig 2a) , the overall volume of the FP was only a third of maximum (Fig 2b) , re£ecting both submaximal growth of both FP cells and their production of ECM (Fig 2c) . Importantly, the FP in anagen IV hair follicles is not yet fully invaginated by the developing hair follicle matrix and cells were still distributed randomly within the FP space (Fig 4a,e,f) . CTS cells within the FP were now most distinguishable, however, with the increasingly attenuated form of CTS cells contrasting with the round/oval FP cells (Fig 4a,d,f,g ). Nuclei of CTS cells additionally exhibited increased heterochromatism and basophilia (Fig 4a,d,f,g ).
The advance of anagen hair follicles to full anagen (i.e., anagen VI) was associated with a dramatic alteration in overall form of the FP (Fig 4g,h) . The almost complete invagination of the FP by the fully developed anagen VI hair matrix resulted in the FP assuming a greatly extended form whereby cells were most commonly distributed in single or double ¢le (Fig 4g) . This reorganization of the FP space was associated with FP cells of pelage hair follicle switching their polarity from perpendicular (Fig 4d) to parallel with the hair growth direction (Fig 4g,h) . Indeed, in some instances, contact between FP cell cytoplasmic processes and the matrix were observed (Fig 4i) . The FP and CTS were now more compartmentalized and morphologically distinct than at other times during the hair cycle, de¢ned by the now complete development of the anagen hair follicle epithelium (Fig 4d,g ). The narrow channel of anagen VI FP cells was connected in the most proximal bulb to highly attenuated CTS ¢broblasts (Fig 4g) . No cell proliferation was detected in CTS and FP just prior to or during full anagen (Fig 1a,b) . FP cells in full anagen exhibited high levels of cellular metabolism, as evidenced by their large cytoplasmic volumes, numerous mitochondria, very extensive endoplasmic reticulum, and Golgi apparatus.
The regression of the hair follicle mesenchyme during catagen involves FP cell emigration to the CTS, loss of synthetic activity, and cell death Cell proliferation was not observed in the FP and CTS of murine hair follicle during full anagen or during hair follicle regression (Fig 1a,b) . The anagen VI subphase continued from day 12 to 17 of the depilationinduced hair growth cycle . Unexpectedly, however, we found that the maximal size of the anagen VI FP was retained for only 1 d (i.e., day 12, Fig 2b) . By day 14, a full 25% reduction in total FP size was already observed (Fig 2b) . This reduction corresponded to a 13% decrease in FP cell number (Fig 2a) , with a further contribution from a reduction in ECM volume and FP cell size. By early catagen (day 17), the FP had lost a full two-thirds of its maximal anagen VI size (Fig 2b) , a third of its cells (Fig 2a) , and half of its cell size/ECM ratio (Fig 2c) . Further FP change during hair follicle regression (i.e., catagen I^VIII) was less marked (Fig 1a and ); however, despite the only slight further reduction in FP cell numbers during the progression of hair follicle regression, catagen was associated with a E45% reduction in both overall FP size and FP cell size/ECM ratio (Fig 2a,c) .
The literature is remarkably silent on the fate of the CTS and FP cell subpopulations during hair follicle regression. It is reasonable to expect, however, that in any self-renewing system such as the hair follicle, signi¢cant cell proliferation during stages of growth should be balanced by cell deletion during regression. This was indeed appreciated for the regressing hair follicle epithelium, which exhibited high levels of keratinocyte apoptosis during catagen (Fig 5a^d) (Weedon and Strutton, 1981; Lindner et al, 1997) . In line with the complete absence of TUNEL-positive cells in the FP during catagen (Lindner et al, 1997) , morphologic/ultrastructural signs of apoptosis were undetectable in the FP at any stage of the hair cycle. Therefore, the possibility of FP cell emigration to the CTS was considered. Surprisingly, increased cellularity was not evident in the later stages of anagen VI/catagen CTS. Instead, occasional apoptotic bodies were found in the CTS itself (Fig 5b^e) . The mesenchymal nature of these cells undergoing apoptosis was indicated by their distribution within a collagenrich environment, the absence of ultrastructural epithelial cell markers and their lack of association with collapsing perifollicular microvasculature.
By high-resolution light microscopic analysis we tracked the fate of CTS cells in the regressing hair follicle. We found that some CTS ¢broblasts lost their anagen-associated attenuated form, due in part to increased nuclear to cytoplasmic ratio, with CTS cell nuclei adopting highly indented forms (Fig 5a) . Notably, CTS cells appeared to be ''lost'' from the regressing hair follicle. This seemed to occur via their ''detachment'' from the increasingly corrugated glassy membrane. Indeed, much of the resorbing glassy membrane, which appeared acellular at this stage, was associated instead with clear-staining macrophages (Fig 5a,c,d ). FP cell nuclei also became pleomorphic, heterochromatic, and indented (Fig 5b) .
The ''quiescent'' hair follicle mesenchyme during telogen shows evidence of residual activity The total number of cells within the telogen FP was signi¢cantly reduced to approximately 12 cells/HF from a high of 27 cells/HF in full anagen (Fig 2a) . Planimetric analysis of telogen FP further revealed that this reduction in cell number accounted for only part of an over 40-fold reduction in overall FP size (Fig 2b) . Much of the observed reduction in total FP size, i.e., from 7200 mm 2 in full anagen to 164 mm 2 in telogen, was due a 20-fold reduction in FP cell size/ECM volume ratio (Fig 2c) . The FP during telogen formed a heterogeneous ball of fewer, mostly rounded, cells with high nuclear to cytoplasmic ratios and moderately heterochromatic nuclei (Fig 5f,g ). These features re£ected an overall low level of cellular activity in these cells. Although mesenchymal cells that remained within the telogen FP displayed many features of cellular quiescence, including formation of lipid droplets (Fig 5g) , these cells were now distributed in closer apposition to each other than at any other phase of the hair follicle growth cycle (Fig 5f,g) . Furthermore, although still separated by a thin basal lamina (Fig 5g) , these cells also were in close contact with epithelial cells of the secondary germ. Both types of close physical associations were facilitated primarily by the dramatic reduction in ECM during catagen (Fig 2c) . Telogen was also associated with the loss of a clear morphologic distinction between FP and CTS cells, although FP cells retain close contact with more attenuated CTS-like cells located at the FP periphery (Fig 5f) . Upon close ultrastructural examination, intercellular plasma membrane specializations including numerous caveolae were observed in telogen FP cells (Fig 5g, inset) . These omega-shaped plasma membrane in-foldings were asymmetrically distributed, i.e., were commonly located on one of two adjacent cell membranes of the FP cells in telogen hair follicles.
DISCUSSION
Much of the mystery surrounding mesenchymal cell dynamics during the hair growth cycle derives from the prevailing belief that the CTS and FP represent very stable populations of ¢broblasts (Wessells and Roessner, 1965; Pierard and de la Brassinne, 1975; Tezuka et al, 1991) . Our study yielded the rather unexpected ¢nding that the reconstructing hair follicle mesenchyme contains many ¢broblasts that proliferate actively in the CTS during the earliest stages of anagen (Fig 6, anagen I ) and that they do so before any proliferation is detectable within the FP. The significant increase in total FP cell number before the occurrence of intrapapillary ¢broblast proliferation, strongly suggests that the CTS is the likely source of a signi¢cant number of anagen FP cells and that the migration of cells from the mitotically-active CTS into the FP is responsible for much of the 2-fold increase in FP cells during anagen development (Fig 6, anagen II and III/ IV). Moreover, their contrasting peak mitotic indices (30% vs 5%) also strongly indicates that it is the CTS that drives the cytokinetic changes in the early anagen FP. Further support for this view derives from ultrastructural and immunohistochemical evidence of proliferating CTS-like ¢broblasts located around the periphery of the early anagen FP.
Therefore, the HF mesenchyme displays much greater plasticity and cytokinetic dynamics than previously appreciated, including intense and stringently controlled, bidirectional, hair cycle-dependent ¢broblast tra⁄cking between the FP and the CTS, with cell proliferation in the CTS likely serving as the driving force behind reconstruction of the anagen FP.
The anagen-associated migration of CTS ¢broblasts into the FP is complemented by a later, minor proliferative activity within the FP itself. An additional contributing factor to the growing size of the FP during anagen is increased FP cell size and an increased synthesis and secretion of ECM. The developing hair follicle epithelium that grows around the FP remodels the spatial organization of FP cells within the hair follicle. Thereafter, FP cell number and size remain maximal for a short period during full anagen and thereafter, rapidly decrease via cell emigration from the FP to the CTS, followed by limited localized ¢broblast apoptosis in the regressing CTS during catagen.
This study unequivocally demonstrates that ¢broblasts of the proximal CTS proliferate throughout anagen I^VI, yet with substantial hair cycle stage-speci¢c di¡erences in their level of proliferative activity (Fig 1a) . In addition, we show that ¢broblasts within the FP itself divide, albeit at a low level and only during a restricted period of hair follicle cycling (i.e., anagen III^anagen V) (Fig 4) . Both ¢ndings compel one to reject the conventional wisdom that views the hair follicle mesenchyme as a stable mesenchymal cell population without proliferative potential (Wessells and Roessner, 1965; Pierard and de la Brassinne, 1975; Tezuka et al, 1991) . The brevity of the period during which FP proliferation is detectable and the very low level of proliferative activity in the FP may have invited this misconception. Both spontaneous and depilation-induced murine hair follicle cycling were studied, as this not only allows to study a capillaryfree FP (Durward and Rudall, 1958 ) so as to avoid ambiguities a¡ecting data interpretation of proliferating cells in the vascularized human FP, but also as this increases the chance of detecting limited, time-restricted mesenchymal proliferation. As ¢broblast proliferative activity was detected both in depilationinduced and spontaneous early anagen (Fig 3b^f) , the former does not add signi¢cant artifactual cell migration in early anagen, justifying the further use of this optimally synchronized hair follicle cycling model for dissecting mesenchymal dynamics.
One must be careful not to overinterpret the proliferative potential of FP cells, as it is altogether possible that proliferation in this hair follicle mesenchyme component extends only to recent migrants from the proliferatively active CTS (Fig 6, anagen III/ IV and V). This would explain the strikingly di¡erent mitotic indices of CTS and FP, and is also supported by the morphologically heterogeneous intra-FP cell populations at this stage (Fig  3h^j) . It is of note here that previous in vitro work has shown movement of CTS cells into the FP space in long-term hair follicle organ cultures (Jahoda, 1998) . These data provide a mechanism to explain the regeneration of a FP from the lower CTS after wounding (Reynolds et al, 1999; Jahoda and Reynolds, 2001 ) and suggest the hypothesis that the terminal-to-vellus transformation of hair follicles during androgenetic alopecia may, at least in part, be due to emigration of ¢broblasts from the FP to the CTS (Whiting, 2001) . Together these ¢ndings strongly suggest that the CTS is the major driver of the reconstruction of the anagen FP and so may indirectly orchestrate the composition of the anagen-inductive microenvironment of the FP. The CTS is more accessible than the FP, and should be viewed as a major target for pharmacologic intervention in hair growth studies. It is of interest, therefore, to note the signi¢cant 3 H-thymidine incorporation in the CTS and FP of hair follicle of minoxidil-treated scalp skin of stump-tailed macaques (Uno et al, 1987) .
The exact source of CTS progenitor cells in the developing anagen hair follicle is still unclear. Possible sources may include residual cells attached to the periphery of the telogen club or mesenchymal cells in the neighboring dermis. Some clues may be deduced from our ¢nding that, as the new hair follicle lengthens, ''free'' mesenchymal cells associate with the proximal margins of the growing hair follicle (Fig 6, anagen I ). These cells may represent pre-CTS ¢broblasts and/or a hair follicle mesenchyme reservoir, as they do appear to be more than casually associated with the regrowing hair follicle as they locate close to acellular regions of the mid and distal regions of the early anagen CTS. The regeneration of a functional FP from CTS (Reynolds et al, 1999) proves that this sheath can act to provide a fully functional FP cell reservoir.
Whereas the CTS may drive the early stages of anagen development by repopulating the FP, doubling of FP cell number accounts for only a part of the 14 -fold increase in overall size of the FP during early anagen (Fig 2b) . We need to consider the combined contribution of increased FP cell size and increased production of ECM by the anagen FP (Van Scott and Ekel, 1958; Elliott et al, 1999) . Increased cell size and activity were appreciated ultrastructurally via increased cytoplasmic/nuclear ratios and the associated increase in organelles involved in metabolism, e.g., mitochondria, endoplasmic reticulum, Golgi complex, and increased production of ECM proteins (Jahoda, 1998) .
Any discussion of mesenchymal^epithelial interactions in organogenesis also requires full consideration of epithelial in£u-ences on the mesenchyme. One example of this that is addressed in the current study is the dramatic re-orientation of FP cells from perpendicular to parallel to hair growth direction as the hair cycle progresses from anagen IV to full anagen VI in murine pelage hair follicles. The change from a random cell distribution to a highly organized and highly extended channel of cells bounded on all sides by the maturing hair matrix (Fig 6) , is likely to extend FP-derived e¡ects, e.g., morphogens/mitogens, to the greatest number of both germinative and di¡erentiating hair follicle matrix cells Jahoda and Reynolds, 1996) . It is notable, therefore, that the mitotic indices for both CTS and FP cells decline dramatically upon transition to anagen IVöwhen there is a major upregulation of di¡erentiation complexity (Langbein et al, 2001; Stenn and Paus, 2001) . No further proliferation occurs in the FP or the CTS during the middle and late stages of anagen VI (Fig 1a) , a period of maximal hair shaft production.
A rather unexpected ¢nding of this study, however, was the observation that FP cell number actually decreases within 1^2 d of reaching anagen VI (i.e., during early anagen VI). Indeed, by the time the hair follicle was only a third way through full anagen, a full 25% of FP cells are lost (Fig 2a) . One possible interpretation of this ¢nding is that a full complement of FP cells is needed only at the start of anagen VI, perhaps when morphogen demands by the highly proliferative and subsequently di¡eren-tiating matrix keratinocytes are at their greatest. Interestingly, this reduction in FP cell number does not appear to cause any change of hair shaft caliber. This cautions against theöperhaps overly simplisticödogma of strict FP/matrix volume proportionality (Van Scott and Ekel, 1958) , and suggests that more complex epithelial^mesenchymal interactions determine the FP/ matrix ratio.
Whereas apoptosis drives the regression of the lower hair follicle epithelium during catagen (Lindner et al, 1997) , the events that underlie regression of the hair follicle mesenchyme are much less clear (Westgate et al, 1991; Jahoda et al, 1992) . It is reasonable to suppose that in any self-renewing system such as the hair follicle, signi¢cant cell proliferation during stages of growth are balanced by cell ''loss'' during regression. It is rather remarkable, therefore, that apoptosis is not detectable in the FP at any hair cycle stage, perhaps due to high expression levels of the anti-apoptotic factor bcl-2 (Lindner et al, 1997; Jahoda, 1998; Tobin et al, 1998) . This conundrum appears to be explained by an e¥ux of FP cells into the proximal CTS and/or dermis (Figs 5 and 6) .
Despite this exodus, up to 50% of FP cells do remain in place (Fig 2a) , suggesting that only a partial replacement of FP cells is necessary during the changeover between two successive hair cycles. Morphologic data provide some support for this view: catagen FP cells assume an increasing heterogeneity that may reveal some division of labor; e.g., melanin-accepting ¢broblasts, ciliated ¢broblasts, etc., suggestive of the existence of di¡erent FP cell subpopulations. FP cell emigration to CTS could be expected to increase total CTS cell numbers, at least towards the end of anagen VI. Surprisingly, however, no increase in the cellularity of the CTS was apparent morphologically (Fig 5a) . This second conundrum may be resolved by the rare examples of apoptosis that occur within the CTS proper (Figs 5 and 6 ). These apoptotic cells may indeed be deleted e Ł migre Ł s from the FP, CTS cells themselves, or other connective tissue cells, e.g., mast cells or endothelium. Irrespective of their true identity, one might expect that these cells would not share the apoptosis protection apparently conferred by bcl-2 in the FP. It is notable, therefore, that, whereas high expression of bcl-2 by the FP is maintained throughout the hair growth cycle, the CTS is relatively bcl-2-negative during catagen and telogen (Stenn et al, 1994; Lindner et al, 1997) .
We know very little about the true nature of the ¢broblasts that remain in the telogen FP. It is easy to see why the telogen FP has been termed ''resting'' , presumably due to the lack of a need to support further the regressed hair follicle epithelium. The hair follicle, however, does not appear to be fully switched o¡ during telogen. Not only are telogen FP cells distributed more closely to each other than at any other stage of the hair cycle, intimate cell^cell contacts are evident via cell membrane specializations. Prominent among these were the £ask-like infoldings of the plasma membrane commonly termed caveolae, which in other tissues are associated with active endocytosis and exocytosis and are implicated in intercellular signal transduction (Fielding, 2001) . Moreover, the increasing cell heterogeneity of FP cells seen during catagen and telogen is suggestive of distinct FP cell subpopulations that may be associated with a signi¢cant division of labor in this hair follicle mesenchymal component.
While not directly examined in this study, our results also have important implications for the study of the mechanisms that underlie clinically important hair follicle transformations (Jahoda, 1998; Whiting, 2001 ). These include vellus-to-terminal transformations associated with hair growth during puberty, hirsuitism, Figure 6 . Schematic of proposed mesenchymal cell dynamics during murine hair growth cycle. (1) Anagen I: Specialized ¢broblasts from the near dermis and/or permanent portion of the CTS attach to the reconstructing CTS (see Fig 3b) . Cell proliferation occurs in the CTS (see Fig 3b^f) . Fig 2a) and continues during catagen. Cells appear to migrate out of FP and into CTS (see Fig 5a,b) . Apoptosis occurs in CTS but not in FP (see Fig 5b) . (6) Catagen VI: FP cells continue to migrate into CTS (see Fig 5c,d) . Some cells detach from CTS sca¡old and some undergo apoptosis (see Fig 5c^e) . (7) Telogen: A reduced complement of FP ¢broblasts remain during telogen as a discrete ball of tightly linked cells (see Fig 5f,g ). Few ¢broblasts may be seen in the periphery of the telogen papilla. and hypertrichosis (Deplewski and Rosen¢eld, 2000) . Similarly, it is likely that modulation of hair follicle mesenchymal dynamics accounts for terminal-to-vellus transformations in androgenetic alopecia (Barth, 1987; Ishino et al, 1997; Whiting, 2001) . Such events may result from the modulation of FP cell migration to a less apoptosis-resistant CTS throughout anagen VI to telogen (and vice-versa during early anagen), and may be under the local control of regulatory molecules such as androgens. In this way, the rapid changes in hair ¢ber volume seen during puberty may be facilitated within a single hair cycle, much like it has been postulated to occur during androgenetic alopecia when rapid hair follicle miniaturization probably can be executed even within a single hair growth cycle (Whiting, 2001) .
In summary, the plasticity of the FP and CTS and the bidirectional tra⁄cking of the ¢broblasts in these mesenchymal components of the hair follicle are likely to be a critical element for hair cycle control. In addition, the hair follicle o¡ers us a very instructive model for studying mesenchymal dynamics of specialized ¢-broblasts with morphogenic properties in general. To exploit the full potential of these hair follicle mesenchymal cell subpopulations, we also will need to understand more fully the controls of ¢broblast death, migration, and secretory behavior within the hair follicle mesenchyme. This will have important clinical implications for any alterations in FP cell number that lie at the heart of clinically observed increases and decreases in hair ¢ber size, such as in hirsutism and androgenetic alopecia.
